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What do we know about the structure of nuclei?

2

The distribution of valence and sea quarks are relatively well known in nuclei - 
theories agree well

where RA
i (x,Q

2) quantifies the nuclear modification (also impact-parameter dependent versions
has been suggested, see Ref. [22]). For the moment, all groups rely on the isospin symmetry to
obtain the bound neutron PDFs (e.g. fn,A

u = fp,A
d ) — an assumption that would need to be revised

once the QED effects are included in the parton evolution [23, 24, 25, 26]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [27].

Different groups use different functions to parametrize RA
i (x,Q

2
0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).

Figure 2: Comparison of up valence and sea quark nuclear modification factors for the lead nucleus at Q2 = 10GeV2.
Blue line with error band is eps09, green dotted line with error bars dssz, and purple dashed hkn07.

A comparison of the RPb
uV

(x,Q2 = 10GeV2) (up valence) and RPb
u (x,Q2 = 10GeV2) (up sea)

from the available parametrizations is presented in Fig. 2. The areas with yellow background
are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA

uV
from eps09 and hkn07 agree at large x, dssz, strangely enough, is

clearly above at x ≃ 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
nds [28], and the probable source of this has been identified as a misinterpretation of the isospin
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correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption
RA

uV
(x,Q2

0) = RA
dV

(x,Q2
0) was made as only one type of data sensitive to the large-x valence quarks

was included in these fits. Indeed, at large x, one can approximate
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]

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[21]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[21]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity (right).

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [29, 30]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [31]) in the use of different
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where RA
i (x,Q

2) quantifies the nuclear modification (also impact-parameter dependent versions
has been suggested, see Ref. [22]). For the moment, all groups rely on the isospin symmetry to
obtain the bound neutron PDFs (e.g. fn,A

u = fp,A
d ) — an assumption that would need to be revised

once the QED effects are included in the parton evolution [23, 24, 25, 26]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [27].

Different groups use different functions to parametrize RA
i (x,Q

2
0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).

Figure 2: Comparison of up valence and sea quark nuclear modification factors for the lead nucleus at Q2 = 10GeV2.
Blue line with error band is eps09, green dotted line with error bars dssz, and purple dashed hkn07.

A comparison of the RPb
uV

(x,Q2 = 10GeV2) (up valence) and RPb
u (x,Q2 = 10GeV2) (up sea)

from the available parametrizations is presented in Fig. 2. The areas with yellow background
are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA

uV
from eps09 and hkn07 agree at large x, dssz, strangely enough, is

clearly above at x ≃ 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
nds [28], and the probable source of this has been identified as a misinterpretation of the isospin
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What do we know about the structure of nuclei?

2

The distribution of valence and sea quarks are relatively well known in nuclei - 
theories agree well

Large discrepancies exist in the gluon distributions from models for mid-rapidity 
LHC and forward RHIC rapidities, even for Q2 = 10 GeV2
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that are only available as absolute cross-sections (or as corresponding structure functions derived
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correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption
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uV
(x,Q2

0) = RA
dV

(x,Q2
0) was made as only one type of data sensitive to the large-x valence quarks

was included in these fits. Indeed, at large x, one can approximate
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which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
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(x,Q2
0) = RA

dV
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0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[21]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[21]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity (right).

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [29, 30]. An example of these data are shown in Fig. 3. Although the
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different the resulting RA
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where RA
i (x,Q

2) quantifies the nuclear modification (also impact-parameter dependent versions
has been suggested, see Ref. [22]). For the moment, all groups rely on the isospin symmetry to
obtain the bound neutron PDFs (e.g. fn,A

u = fp,A
d ) — an assumption that would need to be revised

once the QED effects are included in the parton evolution [23, 24, 25, 26]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [27].

Different groups use different functions to parametrize RA
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0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).
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are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA
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clearly above at x ≃ 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
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Reduced cross-section
• Large coverage in 

(x,Q2) 

• Extends the current 
data 

➡ Both reach and in 
statistics 

• Low-statistics should be 
able to help constrain 
the EPS09 uncertainties

3
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Old Fits from Hannu

• Psuedo-data is above the current EPS09 fit 

➡ Comes from the simulation process where Pythia is not 
an NLO MC generator
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Old Fits from Hannu

• Psuedo-data is above the current EPS09 fit 

➡ Comes from the simulation process where Pythia is not 
an NLO MC generator
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Old Fits from Hannu

• Psuedo-data is above the current EPS09 fit 

➡ Comes from the simulation process where Pythia is not 
an NLO MC generator
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Inclusive nDIS - F2
A Structure Function

• Use HERMES method to 
calculate F2 from σr 

• The pseudo-data is scaled to the 
EPS09 calculation 

➡ Errors on pseudo-data and 
EPS09 are scaled for visibility 

• At higher x, uncertainties on 
EPS09 and pseudo-data are 
negligible 

• At smaller x, pseudo-data 
uncertainties are much smaller 
than EPS09
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Effect of EIC psuedo-data on EPS09

• Ratio of reduced cross-sections, e+Au/e+p 

• Large reduction in the cross-sections at low-Q2 

➡ low-x and low-Q2 is dominated by gluons and sea-quarks 

• High-Q2 is well constrained with existing data 

• The A-dependence of eRHIC allows us to constrain smaller nuclei such as Carbon, which has 
uncertainties almost as large as Au!
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Effect of EIC psuedo-data on EPS09
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• Ratio of reduced cross-sections, e+Au/e+p 

• Large reduction in the cross-sections at low-Q2 

➡ low-x and low-Q2 is dominated by gluons and sea-quarks 

• High-Q2 is well constrained with existing data 

• The A-dependence of eRHIC allows us to constrain smaller nuclei such as Carbon, which has 
uncertainties almost as large as Au!
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Inclusive nDIS - FL
A Structure Function

• The measurement of FL however is a 
different beast 

• Require data from 3 different energies in 
each x,Q2 bin

 

➡ Use Rosenbluth Separation technique 
to extract FL 

• Much larger uncertainties and much 
smaller acceptance than the F2 
measurement 

• Good complementarity with FL 
measurement at LHeC 

➡ Both measurements are statistically 
limited and σr is the best way to 
constrain the nuclear PDFs
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Inclusive nDIS - FL
A Structure Function

• The measurement of FL however is a 
different beast 

• Require data from 3 different energies 
in each x,Q2 bin 

➡ Use Rosenbluth Separation 
technique to extract FL 

• Much larger uncertainties and much 
smaller acceptance than the F2 
measurement 

• Good complementarity with FL 
measurement at LHeC 

➡ Both measurements are limited by 
their uncertainties and σr is the best 
way to constrain the nuclear PDFs
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Plot taken from LHeC CDR,
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Inclusive nDIS - F2
c,A Structure Function

• F2
c only driven by photon-gluon fusion (PGF) 

• As FL is a difficult measurement, F2

c
 may be the 

way forward 

➡ Larger uncertainties than F2 but smaller than FL 

➡ Statistics are not an issue 

• At low x, uncertainties are smaller than EPS09 

➡ Will provide some constraints.  How much 
needs to be evaluated 

• Can provide access to differences between models 

➡ Ratio of rcBK to EPS09 shows the possible 
discriminatory power of this measurement
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Inclusive nDIS - F2
c,A Structure Function
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• F2
c only driven by photon-gluon fusion (PGF) 

• As FL is a difficult measurement, F2

c
 may be the 

way forward 

➡ Larger uncertainties than F2 but smaller than FL 

➡ Statistics are not an issue 

• At low x, uncertainties are smaller than EPS09 

➡ Will provide some constraints.  How much 
needs to be evaluated 

• Can provide access to differences between models 

➡ Ratio of rcBK to EPS09 shows the possible 
discriminatory power of this measurement
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Effect of EIC psuedo-data on EPS09 fits

• Ratio of reduced cross-sections, e+Au/e+p 

• Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons 

• Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and gluons, 
particularly at small-x 

• Fitting the charm pseudo-data has a dramatic effect at high-x 

➡ Something the LHC, for example,  will not be able to address
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• Ratio of reduced cross-sections, e+Au/e+p 

• Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons 

• Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and gluons, 
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• Fitting the charm pseudo-data has a dramatic effect at high-x 
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Effect of EIC psuedo-data on EPS09 fits

13

0.4

0.6

0.8

1.0

1.2

1.4

0.4

0.6

0.8

1.0

1.2

1.4

0.4

0.6

0.8

1.0

1.2

1.4

0.4

0.6

0.8

1.0

1.2

1.4

0.4

0.6

0.8

1.0

1.2

1.4

x

Rvalence
(C)

x

Rsea
(C)

x

Rgluon
(C)

R
i(C

) (x
, Q

2 =5
 G

eV
2 )

10-4 10-3 10-2 10-1 10-4 10-3 10-2 10-1 10-4 10-3 10-2 10-1

Q2=5 GeV2 Q2=5 GeV2 Q2=5 GeV2

Current EPS09
with EIC (no charm)
with EIC (with charm)

• Ratio of reduced cross-sections, e+Au/e+p 

• Without EIC pseudo-data, large uncertainties, especially for sea quarks and gluons 

• Adding in EIC pseudo-data significantly reduces the uncertainties for sea quarks and gluons, 
particularly at small-x 

• Fitting the charm pseudo-data has a dramatic effect at high-x 

➡ Something the LHC, for example,  will not be able to address
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